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Mankind has mused over the apparent animal compass as far back as the writing of the *Book of Job*,[1](#anie202002477-bib-0001){ref-type="ref"} although bird migration remained academically controversial until storks impaled by African arrows were found to return to European roosting grounds.[2](#anie202002477-bib-0002){ref-type="ref"} Different models of biological magnetoreception have been put forward, and for some species, it appears that the photoinduced generation of a radical pair in retinal pigment--protein complexes may hold the key.[3](#anie202002477-bib-0003){ref-type="ref"} The spins of such a spatially separated radical pair will precess in hyperfine fields, leading to a departure from the original spin permutation symmetry of the pair. Since most pigments are characterized by singlet ground states, following photoexcitation, singlet states will be formed initially. The charge‐separated radical‐pair state resulting from electron transfer from the pigment excited state therefore retains singlet character, oscillating in time to the triplet configuration and back again.[3a](#anie202002477-bib-0003a){ref-type="ref"} Because of the spin‐singlet symmetry of the ground state, recombination of the radical pair is inhibited in the triplet, and so the overall reaction rates of the radical species are slowed. The net reaction yield therefore depends on the overall singlet content of the pair state---which is modified by an external magnetic field, setting an axis of quantization for the spins and suppressing spin mixing in the hyperfine fields. A crucial test of this radical‐pair model of magnetoreception has been the demonstration that birds become disorientated when exposed to radio‐frequency (RF) radiation of a frequency close to the Larmor frequency of the electron spin in Earth\'s field.[4](#anie202002477-bib-0004){ref-type="ref"} Elegant molecular model systems have been developed to replicate key steps of the photoinduced electron transfer and subsequent spin‐dependent recombination in donor--bridge--acceptor triads, both in static magnetic field‐effect measurements of reaction yield[5a](#anie202002477-bib-0005a){ref-type="ref"} and in corresponding dynamic resonance experiments.[5b](#anie202002477-bib-0005b){ref-type="ref"} Some triads even exhibit directional sensitivity, i.e., an anisotropy of the magnetic‐field effect, due to anisotropic spin--spin coupling.[6](#anie202002477-bib-0006){ref-type="ref"} Since these experiments are performed in solution, only limited attention has been paid to directly engineering hyperfine field strengths.[7](#anie202002477-bib-0007){ref-type="ref"}

Spin‐dependent recombination of charge carriers is reminiscent of the operating principle of organic light‐emitting diodes (OLEDs), where radical anions (electrons) and cations (holes) are injected electrically from opposing electrodes to form molecular excitations of either singlet or triplet spin degeneracy. The yield of these recombinant species is affected by external static and oscillatory magnetic fields.[8](#anie202002477-bib-0008){ref-type="ref"} Field changes can be detected down to 200 nT, i.e., for fields a hundredfold weaker than Earth\'s.[9](#anie202002477-bib-0009){ref-type="ref"} Spin‐dependent recombination can be probed through either electroluminescence or resistance change under magnetic resonance,[10](#anie202002477-bib-0010){ref-type="ref"} the latter being referred to as electrically detected magnetic resonance (EDMR). Most magnetic resonance experiments on OLEDs have focused on the X‐band range around 10 GHz and allow coherence times to be measured by spin‐echo spectroscopy[11](#anie202002477-bib-0011){ref-type="ref"} to a level of sensitivity which can even probe nuclear magnetic resonances.[11c](#anie202002477-bib-0011c){ref-type="ref"} Previously, we introduced a stripline design, with which it became possible to resolve resonances at around 100 MHz, a frequency range initially thought to be limited by the local hyperfine‐field strengths.[12](#anie202002477-bib-0012){ref-type="ref"} With careful sampling, however, we recently succeeded in resolving Zeeman resonances down to 5.5 MHz in a commercially available conjugated polymer,[9b](#anie202002477-bib-0009b){ref-type="ref"} a frequency already quite close to the electron\'s Larmor frequency in geomagnetic fields of ≈0.7--1.74 MHz. However, in addition to the anticipated Zeeman resonances, a further feature emerges at low RF frequency:[9b](#anie202002477-bib-0009b){ref-type="ref"} a zero‐field peak reminiscent in structure to what has also been reported in reaction‐yield detected magnetic resonance (RYDMR).[13](#anie202002477-bib-0013){ref-type="ref"} Following the results of quantum‐dynamical simulations, these features have been attributed to both the RF‐induced resonances in the local hyperfine fields as well as to the quasistatic nature of the low‐frequency RF magnetic fields experienced by short‐lived radical pairs.[13](#anie202002477-bib-0013){ref-type="ref"} We now explore the nature of the zero‐field feature in EDMR by replacing hydrogen atoms in the active layer of the OLED with deuterium.

Figure [1](#anie202002477-fig-0001){ref-type="fig"} a shows the structure of the perdeuterated version of poly\[2‐methoxy‐5‐(2′‐ethylhexyloxy)‐1,4‐phenylenevinylene\] (d‐MEHPPV).[14](#anie202002477-bib-0014){ref-type="ref"} Unlike in previous reports of magnetic‐field effects in OLEDs,[15](#anie202002477-bib-0015){ref-type="ref"} this material has the hydrogen atoms of the side chains and polymer backbone replaced by deuterium, rather than merely those associated with the side chains. The effective hyperfine fields, *B* ~hyp~, characterized by the standard deviation of a Gaussian distribution of hyperfine fields for electron and hole are therefore reduced from 0.72 mT and 0.19 mT for the protonated MEHPPV (h‐MEHPPV) to 0.24 mT and 0.08 mT for d‐MEHPPV. These values were extracted from a multi‐frequency analysis of EDMR spectra.[14](#anie202002477-bib-0014){ref-type="ref"} Similar values are obtained by analyzing EDMR measurements taken at an excitation frequency of 280 MHz, as detailed in the Supporting Information. This reduction of the EDMR linewidth by a factor of ≈3 upon deuteration is in line with the hyperfine coupling constant, which is 6.5 times smaller for deuterium than for hydrogen. Since deuterium has a nuclear spin of 1, the inhomogeneous broadening due to the hyperfine fields is expected to decrease by a factor of 3.25 for d‐MEHPPV as compared to h‐MEHPPV containing hydrogen with a nuclear spin of $1/2$ . We compare low‐field EDMR spectra of OLEDs made of the two polymers. Details of the fabrication process are discussed in the Supporting Information. The OLEDs were placed on a stripline[8a](#anie202002477-bib-0008a){ref-type="ref"} to generate the linearly polarized RF radiation of oscillating magnetic‐field amplitude *B* ~1~, and positioned inside three pairs of Helmholtz coils to provide static magnetic fields *B* ~0~ of ≈50 nT precision and arbitrary orientation.[9b](#anie202002477-bib-0009b){ref-type="ref"} Figure [1](#anie202002477-fig-0001){ref-type="fig"} b shows a sketch of the arrangement. EDMR was detected under forward constant‐current bias to give current densities of 1.0--17.5 mA cm^−2^, and recorded with a lock‐in amplifier under square‐wave RF amplitude modulation at 232 Hz.[9b](#anie202002477-bib-0009b){ref-type="ref"}

![Ultralow‐field electrically detected magnetic resonance (EDMR) of OLEDs. a) Structure of perdeuterated d‐MEHPPV. b) EDMR setup of the OLED placed on an RF stripline with variable in‐plane angle *α* between the static field *B* ~0~ and oscillating field *B* ~1~. c) Comparison of EDMR spectra of h‐MEHPPV and d‐MEHPPV at 8 MHz.[16](#anie202002477-bib-0016){ref-type="ref"}](ANIE-59-9388-g001){#anie202002477-fig-0001}

Figure [1](#anie202002477-fig-0001){ref-type="fig"} c compares EDMR spectra of OLEDs composed of the protonated (h) and deuterated (d) polymers at an RF frequency of 8 MHz.[16](#anie202002477-bib-0016){ref-type="ref"} In addition to the expected Zeeman resonances, a peak is seen at zero field, which is superimposed by the Zeeman resonances at positive and negative fields. The signal near zero field arises in part because of hyperfine fields:[13](#anie202002477-bib-0013){ref-type="ref"} in the absence of an external field, nuclear magnetic moments result in local effective magnetic fields for the electron and hole spins, taking over the role of the external field *B* ~0~ to ensure that some of these are in resonance with the RF field. In addition, however, for short‐lived carrier pairs, a slowly oscillating magnetic field *B* ~1~ represents a quasistatic contribution to the local magnetic field.[13b](#anie202002477-bib-0013b){ref-type="ref"} The zero‐field response is therefore intricately linked to the static magnetoresistance effect as illustrated in Figure S1.

For *B* ~1~ $\parallel$ *B* ~0~, the Zeeman resonances should be suppressed for conventional magnetic resonance, providing a possibility to separate the zero‐field peak more clearly from the Zeeman resonances. Angle‐dependent EDMR measurements are shown in Figure [2](#anie202002477-fig-0002){ref-type="fig"}. To make the measurements of the two materials comparable, we chose different resonance frequencies to ensure that the zero‐field peak and the Zeeman resonances are approximately equally well resolved: 9 MHz for the deuterated compound and 12 MHz for the protonated material. We plot the raw, non‐normalized data including the offset introduced by the lock‐in detection (this was mitigated in Figure [1](#anie202002477-fig-0001){ref-type="fig"}, [16](#anie202002477-bib-0016){ref-type="ref"}). For both materials, the Zeeman resonances disappear as *α* approaches zero (*B* ~1~ $\parallel$ *B* ~0~), although in contrast to the conventional regime of high *B* ~0~ fields they cannot be suppressed completely.[13b](#anie202002477-bib-0013b){ref-type="ref"}

![Dependence of EDMR spectra on angle *α*. With the Zeeman resonance suppressed for *B* ~0~∥*B* ~1~, the zero‐field peak is resolved. Measurements were performed at 5 W RF power and 17.5 mA cm^−2^ device current density.](ANIE-59-9388-g002){#anie202002477-fig-0002}

Next, we compare the evolution of EDMR spectra with decreasing RF frequency in Figure [3](#anie202002477-fig-0003){ref-type="fig"}. The spectra are not normalized but are corrected for the offset introduced by the lock‐in amplifier as described in the Supporting Information. We separate the data into frequencies above 4 MHz (upper panels) and below. In the low‐frequency regime, the amplitude of the zero‐field feature does not change with frequency. For the protonated compound, Zeeman resonances are resolved down to 7 MHz, below which they become inseparable from the zero‐field peak. This transition occurs at 3.2 MHz for the deuterated material. Detailed spectra from the transition region are shown in the Supporting Information. Below 2.5 MHz, a partial inversion of the signal develops, which is more pronounced for the deuterated polymer. This unusual spectral shape and change of amplitude sign at low frequencies is reminiscent of RYDMR spectra.[7b](#anie202002477-bib-0007b){ref-type="ref"}, [13](#anie202002477-bib-0013){ref-type="ref"} We speculate that this transition in spectral shape may be linked to the OLED response to *B* ~1~ becoming effectively quasistatic as the period of the RF radiation exceeds the carrier‐pair lifetime of order 1 μs.[17](#anie202002477-bib-0017){ref-type="ref"} In this case, the RF radiation modulates the magnetoresistance rather than inducing a true magnetic resonance. Since the curvature of the magnetoresistance of d‐MEHPPV is much larger than for h‐MEHPPV[14](#anie202002477-bib-0014){ref-type="ref"} (see Figure S1), the zero‐field peak and the inversion of the signal at finite *B* ~0~ are more pronounced for the deuterated polymer. This effect is likely linked to an increase of the zero‐field peak with increasing device current (not shown), which presumably lowers the carrier‐pair lifetime.

![Frequency dependence of EDMR line shape for *α*=90°. The Zeeman resonances disappear with decreasing frequency, revealing the zero‐field peak. At frequencies below 2.5 MHz, partial inversion of the signal occurs. Measurements were performed at 8 W RF power and a current density of 3.5 mA cm^−2^. The RF frequencies are 4.0, 5.0, 5.5 (deuterated only), 7.0, and 10 MHz (upper panel); and 1.0, 1.5, 2.5 MHz (lower panel).](ANIE-59-9388-g003){#anie202002477-fig-0003}

Finally, we examine the effect of RF power on the zero‐field feature. From the power broadening[18a](#anie202002477-bib-0018a){ref-type="ref"} and the RF current flowing through the stripline,[18b](#anie202002477-bib-0018b){ref-type="ref"} we estimate the maximal amplitude of *B* ~1~ to be of order 100 μT. The spectra, plotted in Figure [4](#anie202002477-fig-0004){ref-type="fig"}, show a substantial influence of RF power. Surprisingly, the power dependence is much stronger for the perdeuterated compound than for the protonated material. Raising the amplitude of *B* ~1~ increases the range of effective quasistatic magnetic fields probed by the magnetoresistive response of the OLED, and thus promotes the zero‐field signal. The weaker the hyperfine fields, the stronger the variation in the magnetoresistance response for small changes of the total magnetic field. The strong dependence of the zero‐field feature on *B* ~1~ amplitude for the perdeuterated compound is thus in agreement with the steep magnetoresistance response of this material in the field range of a few hundred microtesla, shown in Figure S1a. Concurrently, power‐broadening effects of the Zeeman resonances are more pronounced for the perdeuterated than for the protonated material, where hyperfine field‐induced inhomogeneous broadening is greater. The zero‐field features do not appear to be affected by power broadening, consistent with the interpretation that they are not primarily due to a paramagnetic resonance.

![Power dependence of the zero‐field EDMR feature. With increasing RF power (1.3, 2.5, 5.0, 10 W for h‐MEHPPV at 8 MHz; and 2.0, 4.0, 5.0, 8.0, 12.6, 20 W for d‐MEHPPV at 5 MHz), the zero‐field peak rises.[16](#anie202002477-bib-0016){ref-type="ref"}](ANIE-59-9388-g004){#anie202002477-fig-0004}

While OLEDs offer a method of exploring the hyperfine field‐induced spin‐mixing processes invoked in the radical‐pair mechanism of magnetoreception,[19](#anie202002477-bib-0019){ref-type="ref"} even removing 95 % of the hydrogen nuclei[14](#anie202002477-bib-0014){ref-type="ref"} in the perdeuterated MEHPPV used here does not allow us to conclusively resolve Zeeman resonances at geomagnetic field strengths. Suitable molecular candidate complexes for the radical‐pair mechanism in biological systems, free of any hydrogen isotopes, have been identified---at least for one of the two spins.[19](#anie202002477-bib-0019){ref-type="ref"} Since hydrogen is ubiquitous in organic electronics, we propose developing larger polycyclic aromatic hydrocarbons for OLEDs, where the spins become localized sufficiently far away from the hydrogenic nuclei. In such graphene fragments, however, spin--orbit coupling[18b](#anie202002477-bib-0018b){ref-type="ref"} may be stronger and can give rise to additional dephasing obscuring ultralow‐field resonances. It is also conceivable that carrier‐pair lifetimes, which limit coherence,[11a](#anie202002477-bib-0011a){ref-type="ref"} can be raised in blend materials. Since spin decoherence can be measured directly in OLEDs,[11](#anie202002477-bib-0011){ref-type="ref"} we aim to devise RF pulse sequences to reverse dephasing and probe decoherence at ultralow fields. Under these conditions, *B* ~1~ and *B* ~0~ are of comparable magnitude and coherence is predicted to become protected by formation of the collective spin‐Dicke state.[20](#anie202002477-bib-0020){ref-type="ref"} In this context, it is interesting to note the similarity of hyperfine‐driven coherent singlet--triplet mixing of spin pairs in OLEDs to the formation of entangled carrier‐pair species in spin--qubit coupled quantum dots.[21](#anie202002477-bib-0021){ref-type="ref"} Given our observation that a reduction in hyperfine coupling sharpens the Zeeman resonance while raising the zero‐field peak because of the quasistatic *B* ~1~ contributions, we conclude that there may be a fundamental lower field limit to resolving Zeeman resonances.

A somewhat poorly defined parameter of the radical‐pair model is the lifetime of the carrier pair; presumably, a distribution of lifetimes exists, since there is a range of possible molecular conformations. For a resonance to occur, the carrier‐pair lifetime must exceed the inverse Larmor frequency. We stress the importance of differentiating between resonant and quasistatic contributions to EDMR, that is, magnetic‐field effects which occur on timescales significantly shorter or longer than the pair lifetime, respectively. A distinction between these processes is likely also relevant to behavioural studies involving exposure of birds to RF radiation in the exploration of mechanisms of the avian compass.[4](#anie202002477-bib-0004){ref-type="ref"} Microscopic modelling of the transition from resonant to non‐resonant field effects may offer an avenue to extract the carrier‐pair lifetime distribution. Finally, we speculate that such a differentiation between resonant and non‐resonant spin‐dependent phenomena could be quite generic to the radical‐pair mechanism itself. Low‐field effects appear to be primarily static in nature, but it is conceivable that molecular dynamics could give rise to an effective broad‐band oscillatory component of the hyperfine field---an effective isotropic *B* ~1~ spanning a broad frequency range. On this premise, the molecular dynamics could lead to a resonance of long‐lived pairs at very low *B* ~0~, with non‐trivial collective, i.e. spin‐Dicke‐type, resonant transitions emerging when Rabi and Larmor frequency become comparable.[20](#anie202002477-bib-0020){ref-type="ref"}, [22](#anie202002477-bib-0022){ref-type="ref"} This condition of light‐matter interaction is referred to as the "ultrastrong drive" regime;[18](#anie202002477-bib-0018){ref-type="ref"} transitions not only become quantum‐mechanically reversible, but spin states form coherent superpositions with the "photon" states of the resonant radiation. Identification of such "intrinsic" resonance phenomena in ultra‐small magnetic‐field effects in the absence of external RF radiation will necessitate sophisticated microscopic quantum‐dynamical modelling of the highly non‐perturbative interaction between spins and oscillating magnetic fields. Perhaps there is more to magnetoreception than meets the eye?
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